Lineweaver-Burk plots of reduced nicotinamide adenine dinucleotide (NADH) oxidation by membrane preparations from Bacillus subtilis are biphasic, with two Km values for NADH. The higher Km corresponds to the only Km observed for NADH oxidation by whole cells, whereas the lower Km corresponds to that observed with open cell envelopes. Membrane preparations apparently contain a small fraction of open or inverted vesicles which is responsible for the low Km reaction, whereas entry of NADH into the larger portion of closed, normally oriented vesicles is rate limiting and responsible for the high Km reaction. In contrast, the oxidation of L-a-glycerol-phosphate (glycerol-P) by membrane preparations shows only one Km that corresponds to that of glycerol-P oxidation by whole cells or lysates. Since glycerol-P dehydrogenase (NAD independent) has the same K, this enzyme reaction rather than entry of glycerol-P into vesicles represents the rate-limiting step for glycerol-phosphate oxidation. The Km for amino acid uptake by vesicles in the presence of NADH corresponds to the high Km for NADH oxidation, indicating that NADH energizes transport only if it enters closed, normally oriented vesicles. Studies with rotenone and proteolytic enzymes support this interpretation. The apparent efficiency of NADH in energizing uptake seems to be lower than that of glycerol-P because, under the experimental conditions usually employed, open or inverted vesicles that do not participate in amino acid uptake are responsible for the major portion of NADH oxidation. When the results are corrected for this effect, the efficiency of NADH is essentially the same as that of L-a-glycerol-P.
The uptake of amino acids into membrane vesicles can be energized by a number of oxidizable substrates. In Escherichia coli D-lactate is much more efficient (per oxygen consumed) than reduced nicotinamide adenine dinucleotide (NADH) (1) , and in Bacillus subtilis L-aglycerol-phosphate (glycerol-P) is much more efficient than NADH (4) . This has been explained by assuming that the amino acid carrier is part of or coupled to a particular branch of the electron transport chain which can be bypassed for the oxidation of NADH. It also remained unclear whether NADH could energize transport from outside the vesicle or only when it entered the vesicle. We present here evidence that NADH energizes amino acid uptake only from within a vesicle that has the normal membrane orientation. Since the NADH-oxidizing enzyme system is more readily accessible in open or inverted vesicles, which comprise a small portion of the membrane preparation, the low efficiency of amino acid uptake energized by NADH can thus be explained without assuming a by-pass of the transport coupling site.
MATERIALS AND METHODS
Bacteria and growth medium. The transformable B. subtilis strain 60015, which requires L-tryptophan and L-methionine, was grown at 37 C in a medium that contained (per liter) K2HPO4, 14 g; KH2PO4, 6 g; MgSO4.7H2O, 0.25 g; (NHj2SO4, 2 g; sodium citrate, 1 g; L-tryptophan, 25 mg; vitamin-free casein hydrolysate, 10 g; and glycerol, 5 g.
Vesicle preparation. The vesicle preparation was similar to that described by Konings and Freese (4) , but the changes are significant enough to warrant a detailed description. When the bacteria had grown to an absorbance at 600 nm (A6o0) of 1.5 to 2.0 (exponential growth), chloramphenicol (100 ,ug/ml) was added to prevent further growth and enzyme production. The cells were then harvested, washed at room temperature in 0.1 M potassium-phosphate buffer HAMPTON AND FREESE (pH 7.3) containing 0.55 M sucrose plus 100 lsg of chloramphenicol per ml, and suspended (80 ml/g [wet weight]) in the same buffer at 33 C. Lysozyme was added (100 Ag/ml) with stirring, and 5 min later deoxyribonuclease (DNase; 1 Ag/ml) was added. After about 30 min of further incubation with stirring, at least 95% of the cells had formed protoplasts. MgCl2 (10 mM) was then added to activate the DNase. The protoplasts were harvested by centrifugation (at room temperature) for 30 min at 22,000 x g and resuspended in the smallest possible volume of 0.1 M potassium-phosphate buffer (pH 7.3) rontaining 10 mM MgCl2 and 0.55 M sucrose. Crystalline DNase (2.5 mg/ml) and ribonuclease (5 mg/ml) were added and the suspension was poured into the vortex of 500 times the volume of rapidly stirred 0.05 M potassium-phosphate buffer (pH 6.6, 37 C). After 5 min of stirring at 37 C, ethylenediaminetetraacetic acid (EDTA) (1 mM) was added to complete lysis of the protoplasts. After 15 min, MgCl2 was added to give a concentration of 10 mM, and incubation was continued for an additional 15 min. The vesicles were harvested by centrifugation for 30 min at 22,000 x g and resuspended in 0.1 M potassium-phosphate buffer (pH 6.6) containing 10 mM EDTA, and whole cells and cellular debris were removed by 5 min of centrifugation at 150 x g. The vesicles in the supernatant were pelleted by 30 min of centrifugation at 37,000 x g and resuspended (0.5 ml/g of cells) in the same buffer. This suspension was layered on a discontinuous sucrose gradient (18 ml of 20% sucrose over 15 ml of 60% sucrose) and centrifuged at 64,000 x g for 60 min (or longer). The vesicles formed a layer at the interface between the two sucrose solutions. After removing most of the top layer by suction, the interface was suctioned into a centrifuge tube, washed several times in 0.1 M potassium-phosphate buffer, resuspended at a concentration of 2 to 5 mg of protein per ml, and stored under liquid nitrogen until used.
Determination of oxygen consumption and amino acid uptake. Oxygen consumption and amino acid uptake were assayed at 25 C as described previously (4). The reaction mixtures for oxygen consumption contained 0.25 to 0.50 mg of membrane protein per ml. The reaction mixtures for amino acid uptake contained 2.7 x 10-s M [U-14Cjglycine (100 ,uCi/ gmol) and 1 to 2 mg of protein per ml. The small uptake of amino acids observed in the absence of an added energy source was subtracted from the total uptake value.
Inhibitors were dissolved in dimethyl sulfoxide (ME2SO) and added to the reaction mixtures to give final concentrations of ME2SO not exceeding 5%, which had virtually no effect on amino acid uptake or oxygen consumption. All inhibition data are reported relative to controls having the same ME,SO concentrations. Protein was determined by the method of Lowry et al. (6) .
Crude preparation of the NAD-independent glycerol-P dehydrogenase. Exponentially growing cells (A,00 = 1.0) were washed in 0.1 M potassiumphosphate (pH 6.6) and treated with lysozyme (100 Asg/ml) for 30 min at 37 C, and the lysate was centrifuged for 30 min at 37,000 x g. The pelleted envelope fraction was washed and resuspended in potassiumphosphate. The NAD-independent L-a-glycerol-P dehydrogenase was assayed by the method of Lin et al. (5) .
Preparation of cells, protoplasts, and lysates for oxygen consumption experiments. Exponentially growing cells (200 ml, A.0 = 0.6) were harvested by centrifugation, washed three times in 0.1 M potassium-phosphate (pH 6.6), and suspended in 30 ml of the same buffer. They were slowly shaken at room temperature (for 50 to 60 min) until endogenous oxygen consumption had decreased to less than 10% of that observed prior to washing. The cells (1 ml, A.00 about 4.0) were then used for the measurement of substrate oxidation. The remaining endogenous oxygen consumption, which amounted to < 10% of the maximal values observed in the presence of 0.5 mM glycerol-P, was subtracted from the results.
Protoplasts were prepared in the same way except that, after room temperature incubation, the cells were centrifuged, suspended in buffer containing 7.5% Carbowax-20M to stabilize protoplasts, and treated for 45 min with lysozyme (100 Ag/ml) at room temperature. All reagent solutions added for the assay of oxygen consumption also contained 7.5% Carbowax-20M.
Lysates were prepared from cells, washed, and incubated at room temperature as above, either by the addition of lysozyme (100 gg/ml) directly to the reaction vessel of the oxygen electrode in the presence of substrate or by treating the cells with lysozyme at room temperature for only 10 to 20 min before assaying oxygen consumption.
Chemicals. Labeled amino acids were obtained from New England Nuclear Co., DL-a-glycerol-P, NADH, Pronase, DNase, and RNase were obtained from Sigma Chemical Co., trypsin was from Worthington Biochemicals, and aminopeptidase and carboxypeptidase were from P. L. Biochemicals Co. All enzymes were of the highest purity available commercially.
RESULTS
Oxygen consumption. The Lineweaver-Burk plot of oxygen consumption by a membrane vesicle preparation showed an apparent Km for L-a-glycerol-P of about 7 mM (Fig. 1A) . In contrast, the plot for NADH showed two distinct slopes (Fig. 1B) . The points were divided into those belonging to the first slope (1/S < 0.25 in Fig. 1B ) and those belonging to the second slope (1/S > 0.25). The best straight lines were then determined for each set of points.
This gave an apparent Km of 1.7 mM for the first slope and an apparent Km of 0.13 mM for the second slope. (This experiment was repeated with several membrane preparations, always yielding two Km values; the lower Km varied between 0.13 to 0.18 and the upper Km varied between 1.7 and 2.9 because of experimental errors.) This result indicates two reactions by NADH, the rate of NADH oxidation increased dramatically. Similarly, when cells were first lysed by a short lysozyme treatment, the rate of oxygen consumption was 18-fold higher than that of whole cells if measured in the presence of NADH (10 mM), whereas it was only 20% higher if measured in the presence of glycerol-P (20 mM) ( Table 1 ). This result indicated that the oxidation rate of NADH was limited by NADH entry into the cell. The limitation was not caused by the presence of cell wall, since experiments with protoplasts gave similar results (Table 1) . (The higher rate of NADH oxidation by "unlysed" protoplasts than by Lineweaver-Burk plots of L-a-glycerol-P and NADH oxidation by membrane vesicles (1.2 mg of protein/ml). (A) L-a-glycerol-P (the concentration of DL-a-glycerol-P used for all experiments was halved, assuming that the D isomer had no effect). (B) NADH.
which NADH can be oxidized by a vesicle preparation.
The oxygen consumption in the presence of exogenous substrate was also examined with intact cells whose internal substrates had been depleted by preincubation (Fig. 2) . The Km for L-a-glycerol-P oxidation (4.2 mM) was about the same as that observed with vesicle preparations (Fig. 1 ). However, with NADH only one Km (2.1 mM) was observed, which corresponded to the high Km of vesicle preparations. When lysozyme was added to such a cell suspension in the oxygen electrode chamber in the presence of whole cells was probably due to a small amount of lysis during the protoplast preparation.) When the protoplasts were lysed by dilution into buffer not containing Carbowax-20M, the oxidation rate again increased greatly (Table 1) . When cells were exposed to a short lysozyme treatment (10 min at 23 C) and these lysates were used to determine the kinetics of NADH oxidation (Fig. 3A) , only the high affinity (low Km = 0.17 mM) activity of the vesicle preparation was observed, up to 20 mM NADH. A plot of the glycerol-P oxidation rates (Fig. 3B) showed a similar slope (Km = 4.5 mM) as for intact cells, indicating that the access of glycerol-P to the oxidation site was not rate limiting. Therefore, the Km of the NAD-independent L-a-glycerol-P dehydrogenase was determined because that is the first enzyme used in the oxidation of L-a-glycerol-P and it is the only enzyme in this oxidation path that reacts specifically with glycerol-P (Fig. 4) . This Km (4.9 mM) was indeed similar to the apparent Km (4.5 mM) observed for the overall oxygen consumption in the presence of L-a-glycerol-P.
Amino acid uptake. The uptake of glycine into membrane vesicles (Fig. 5) exhibited with L-a-glycerol-P a similar Km (8.3 mM) as that observed for oxygen consumption (7 mM). With NADH, however, only one slope was observed in the Lineweaver-Burk plot for which the apparent Km (2.3 mM) corresponded to the high Km observed for NADH oxidation. NADH apparently energizes amino acid transport only if it is oxidized by sites of a vesicle preparation to which it has a low affinity or accessibility. If this conclusion is correct, decreasing the NADH concentration should reduce amino acid uptake more rapidly than net oxygen consumption. In fact, Table 2 shows that the efficiency of uptake (picomoles of glycine taken up per nanomoles of oxygen consumed) greatly decreased with decreasing NADH concentration.
Inhibition by rotenone. Several compounds were tested for their ability to inhibit oxygen consumption and amino acid uptake in the presence of NADH and glycerol-P (Table 3) . Since rotenone partially inhibited the oxidation of NADH without inhibiting amino acid transport, its effect was examined at different concentrations (Fig. 6) . When NADH or L-aglycerol-P was used at a 1 mM concentration, a significant inhibition of oxygen consumption by rotenone was observed, whereas the uptake of glycine remained unaffected. Therefore, rotenone seems to inhibit the NADH and glycerol-P oxidation only at those sites of a membrane vesicle preparation that are directly accessible to these substrates (i.e., sites on open or insideout vesicles or membrane fragments); it does not seem to inhibit oxidation at the less accessible sites (inside of closed right-side-out vesicles) which are the only sites whose reduction can energize amino acid transport. Apparently, rotenone cannot readily enter closed membrane vesicles.
Effect of proteolytic enzymes. If some oxidation sites are easily accessible to substrate, proteolytic enzymes might be able to degrade them without affecting less accessible sites. Among several enzymes tested, both Pronase and trypsin similarly reduced NADH oxidation, whereas carboxypeptidase A and aminopeptidase had no effect. Figure 7 shows the effect of Pronase (1 mg/ml) treatment. After a 10-min incubation with Pronase, the oxidation of NADH (1 mM) was decreased by 54%, while that of glycerol-P was decreased by 25%. In both cases, the curves leveled off, indicating that some of the sites for L-a-glycerol-P and NADH oxidation were inaccessible to Pronase. Pronase treatment rapidly destroyed the ability of the vesicles to take up glycine in the presence of either energy source (Fig. 7) .
If Pronase and rotenone both react with the same oxidation sites on the vesicles, Pronase treatment should decrease the sensitivity of substrate oxidation to rotenone inhibition. In fact, Fig. 8 shows that 0.6 mM rotenone caused 46% inhibition of NADH oxidation prior to Pronase treatment, whereas a 10-min incubation with Pronase (1 mg/ml) reduced the inhibition to 27%. DISCUSSION The NADH dependence of NADH oxidation by membrane vesicle preparations has revealed two reactions, with apparent low and high Km values, respectively. The low Km represents the reaction of NADH that is readily available to sites normally present on the inside of the cytoplasmic membrane, for the same Km has been observed with cell envelopes obtained after lysis by a short lysozyme treatment but not with whole cells; limited cell wall degradation opens this membrane but apparently leaves it attached to the remaining wall so that oxidation sites formerly inside the cell are now exposed. In a vesicle preparation some membranes apparently are open or inverted, making the NADH oxidation activity directly available to external NADH. (The word "open" could mean membranes that have not formed a closed vesicle, e.g., because some remaining cell wall might prevent closure, or closed vesicles that contain one or more holes allowing free substrate flow.) Since L-a-glycerol-P is oxidized at about the same rate by intact as by lysed cells, the 2 rate-limiting step in the oxidation apparently is the reaction catalyzed by L-a-glycerol-P dehy-0.5 drogenase (NAD independent), which has a 3 high K., rather than the entry of glycerol-P into 3 the membrane. In contrast, the high Km represents a reaction and amiro acid uptake by membrane uesicles. Vesiwhose rate-limiting step apparently is the entry cles were incubated with Pronase (I mg/ml) for the of NADH into the closed membranes, because times indicated, and the substrates were then added teod..of NADH The efficiency (per oxygen consumed) at which a vesicle preparation takes up an amino acid is much lower for NADH than for glycerol-P (Table 4) . However, most of the NADH oxidation is due to open or inside-out vesicles; e.g., in the preparation just discussed, the ratio rJr, of the rates at which 10 mM NADH is oxidized by the two kinds of vesicles was 4.3. Therefore, one should determine the efficiency by using only the oxidation rate (re) of closed vesicles. The observed oxidation rate should therefore be multiplied by the correction factor rJ/(ro + rc) = 1/(1 + F x V). After this correction, L-a-glycerol-P was only 16% more efficient than NADH (Table 4) .
Although most inhibitors of the electron transport system affect the NADH-stimulated oxygen consumption and amino acid uptake by vesicle preparations to a similar extent, rotenone inhibits NADH oxidation preferentially. Since rotenone does not inhibit NADH oxidation by whole cells, it apparently cannot, or can only with difficulty, enter membranes. Hence, it inhibits preferentially (or only) the reaction of 
